Isocitrate dehydrogenase (IDH: EC 1.1.1.42) of Azotobacter vinelandii was puriˆed to an electrophoretically homogeneous state, and a gene (icd ) encoding this enzyme was cloned and sequenced. The N-terminal amino acid sequence of the puriˆed enzyme was consistent with that deduced from the nucleotide sequence of the icd gene. The deduced amino acid sequence of this gene showed high identity (62-66%) to those of the other bacterial monomeric IDHs. Expression of the icd gene in Escherichia coli was examined by measuring the enzyme activity and mRNA level. Primer extension analyses revealed that two species of mRNAs with diŠerent lengths of 5?-untranslated regions (TS-1 and TS-2) were present, of which the 5?-terminals (TS-1 and TS-2 sites) were cytosines located at 244 bp and 101 bp upstream of translational initiation codon, respectively. Conserved promoter elements were present at "35 and "10 regions from the TS-1 site, whereas no such a common motif was found in the upstream region of the TS-2 site. Deletion of the promoter elements upstream of the TS-1 site resulted in complete loss of IDH activity in the E. coli transformant. When the promoter elements upstream of the TS-1 site were intact, the levels of TS-1 and TS-2 were varied greatly by altering exogenous nutrients for growth. The cells grown in a nutrient-rich medium produced large amounts of TS-1 and had a low level of IDH activity. In a nutrient-poor medium, the cells contained large amounts of TS-2 and high levels of IDH activity.
The isocitrate dehydrogenase (IDH) that catalyzes the oxidative decarboxylation of isocitrate to aketogutarate coupled by the reduction of NADP + is widely distributed in a variety of bacteria. 1) On the basis of the subunit structure, the bacterial IDHs are usually either homodimers with subunit molecular weight of about 45,000 or monomeric enzymes of polypeptide molecular weight of about 80,000 to 100,000. Generally, almost all bacteria contain only one, either the dimeric or monomeric IDH type. [1] [2] [3] One exception has been reported with Colwellia maris (previously described as Vibrio sp. strain ABE-1) which has both the IDH types. 4, 5) Alignment of the amino acid sequences deduced from the genes encoding the bacterial IDHs revealed that signiˆcant similarity is conserved in respective IDH type, but not at all between the amino acid sequences of the two IDH types. 4, 6) This result raises questions in respect to the structure and function of IDHs. Escherichia coli IDH is a typical dimeric IDH, and its molecular structure has been elucidated by X-ray crystallographic analysis. [7] [8] [9] In contrast, the molecular structure of a monomeric IDH remains unclear.
Azotobacter vinelandii is a nitrogen-ˆxing bacterium that contains abundant IDH in the cytoplasm. 10, 11) Abundant IDH in this bacterium has been proposed to contribute to the respiratory protection of nitrogenase from O2 damage. 12) Previously it has been reported that IDH of A. vinelandii is a monomeric type, and a single methionyl residue is speciˆcally modiˆed when the enzyme is inactivated by iodoacetetic acid. 13) In addition, preliminary data on the crystal of the enzyme has been reported. 14) However, information about the amino acid sequence and regulation of the synthesis of this enzyme are not available yet. To compare the molecular structures between the monomeric and dimeric IDH types, it is necessary to obtain crystals of a monomeric IDH, from which the complete amino acid sequence can be known. In this study, we puriˆed the monomeric type of IDH from A. vinelandii, cloned and sequenced the icd gene encoding this enzyme protein, and investigated some aspects of the gene expression.
Materials and Methods
Materials. Restriction endonucleases and enzymes for DNA manipulation were obtained from Takara, Nippon Gene, Toyobo, or New England Biolabs, Inc. [g-32 P]ATP and [a-32 P]dCTP were obtained from ICN Biomedicals, Inc. All other reagents were of analytical grade.
Bacteria, phages, plasmids, and media. Azotobacter vinelandii was grown aerobically at 309 C in Burk's nitrogen-free medium. 15) Escherichia coli XL1-Blue (Stratagene), used to propagate plasmids, was cultured at 379 C in Luria-Bertani (LB) medium. 16) A mutant defective in IDH of E. coli, DEK2004 (trp icd recA, gift from Dr. P. E. Thorsness) having a glutamate auxotrophic phenotype, was used as a host for expression experiments of icd gene encoding the A. vinelandii IDH. For the growth of these strains, LB medium, morpholinepropanesulfonic acid (MOPS) based synthetic medium 17) or M9 synthetic medium 16) supplemented with 1 mM thiamin, 0.1 mM tryptophan, 0.5z glucose, and 0.5 mM glutamate (when necessary), was used. Ampicillin and tetracycline were added to culture media at concentrations of 50 and 15 mg W ml, respectively.
Phage lDASH (Stratagene) was used as a vector for construction of a genomic DNA library, and plasmid pBluescript KS(+) (Stratagene) was used for further subcloning of the A. vinelandii icd gene. For the promoter analysis, a promoter-less vector PGV-CS2 (Nippon Gene) was used with some modiˆca-tions.
Enzyme assay. The procedures for preparing crude extracts of bacterial cells and the assay of IDH activity were essentially the same as described previously 3) except that the enzyme activity was assayed at 309 C and pH 7.5. One unit of the enzyme activity was deˆned as the amount of the enzyme catalyzing the reduction of 1 mmole of NADP + per min. Protein concentrations were measured by the method of Bradford 18) using g-globulin as a standard.
Puriˆcation of A. vinelandii IDH. All steps of puriˆcation were done below 49 C. The A. vinelandii cells were harvested at early stationary phase and washed twice with chilled sonication buŠer containing 20 mM potassium phosphate (pH 6.8), 2 mM MgCl2, 0.25 M NaCl, and 10 mM 2-mercaptoethanol (2-MSH). Washed cells (about 30 g wet wt) were suspended in the sonication buŠer (30 ml) and sonically disrupted on ice. Treatment of crude extract (20 mg protein W ml) with protamine sulfate and the following ammonium sulfate fractionation were done as described previously.
5) The active fraction obtained was dissolved in 10 ml of buŠer A (20 mM potassium phosphate buŠer (pH 6.8), 2 mM MgCl2, 0.1 M NaCl, 1 mM sodium citrate, 10 mM 2-MSH, and 10z glycerol), and dialyzed against the same buŠer. The dialyzed enzyme was mixed with an equal volume of buŠer A containing 2.6 M ammonium sulfate and then put on a column (2.6×30 cm) of PhenylSepharose CL-4B (Amersham Pharmacia). The column was washed with a 600-ml reversed linear gradient of 1.3-0.0 M ammonium sulfate in buŠer A, and then the enzyme was eluted with 400 ml of buŠer A. The fractions with high IDH activity were combined, concentrated with polyethylene glycol #20,000, and dialyzed against buŠer A omitting 0.1 M NaCl (referred to as buŠer B). The dialyzed enzyme solution was put on a column (2.6×20 cm) of DEAE-Toyopearl 650 M (Tosoh) and washed with buŠer B to elute the enzyme. The active fractions were combined, concentrated, and dialyzed against buŠer B omitting 1 mM sodium citrate (buŠer C). The dialyzed enzyme solution was put on a column (1.0× 30 cm) of Red-Sepharose CL-6B (Amersham Pharmacia), washed with buŠer C, and then eluted with buŠer C containing 4 mM sodium isocitrate. The fractions with high IDH activity were combined, concentrated, and dialyzed against buŠer C. The dialyzed enzyme solution was stored at "809 C until use.
Analysis of N-terminal amino acid sequence. The puriˆed A. vinelandii IDH (160 mg) was put through SDS-PAGE on a 7.5z polyacrylamide gel by the method of Laemmli 19) and then blotted onto a polyvinylidene di‰uoride membrane (Millipore) according to the manufacturer's manual. The sequencing was done by automated Edman degradation with an ABI 477A gas phase protein sequencer (PE Biosystems).
DNA isolation and construction of a genomic DNA library. The genomic DNA prepared as described previously 20) was partially digested with Sau3AI. DNA fragments of 10¿20-kbp were then size-selected by agarose gel electrophoresis and inserted into the phage lDASH previously cut with BamHI. Recombinant l phages packaged with an in vitro packaging kit (Amersham) were used as a genomic DNA library. Phage DNAs were isolated by the method of Grossberger.
21) Plasmid DNAs were puriˆed by the usual method 16) or with a Wizard Plus SV DNA Puriˆcation System (Promega). which is highly conserved between the partial Nterminal amino acid sequences reported in several bacteria (cf. Fig. 4 ), was labeled with [g-32 P]ATP by the use of T4 polynucleotide kinase and used as a probe (VPIDH1). The A. vinelandii chromosomal DNA was digested with Pst I, Sal I, or XhoI. The fragments were separated on an agarose gel and blotted onto a nylon membrane. The membrane was soaked for 2 h at 429 C in a prehybridization solution containing 6×SSC (1×SSC is 0.15 M NaCl and 15 mM sodium citrate), 5z Irish cream liqueur (Baileys), and 0.5z SDS. Hybridization was done overnight at 429 C in the prehybridization solution containing the labeled probe. The membrane was successively washed in 2×SSC containing 0.1z SDS for 30 min at room temperature and then in the same solution for 1 h at 429 C with a change of washing buŠer. Plaque hybridization 16) was done under similar conditions as described above.
DNA sequencing. All nucleotide sequences were obtained by a dye-primer cycle sequencing method with an ABI 373A DNA Sequencer (PE Biosystems). Kilo-Sequence Deletion Kit (Takara) was used to cause overlapping deletions. Sequences were analyzed and compared by using the computer programs of Genetyx (Software Development Co.). The nucleotide sequence of the A. vinelandii icd gene has been deposited in the DDBJ W GenBank W EMBL database under accession no. D73443.
Western blot analysis. After SDS-PAGE of crude extracts prepared from E. coli transformants harboring with the A. vinelandii icd gene and A. vinelandii, the proteins on the gel were transferred onto a nitrocellulose membrane (Amersham Pharmacia). Western blot analysis was done with the ECLWestern blotting detection system (Amersham Pharmacia) and rabbit antibody against the monomeric IDH isozyme of C. maris, IDH-II.
4)
Northern blot analysis. Total RNAs of the mid-log phase cells were puriˆed by an RNeasy RNA isolation kit (QIAGEN) and successively treated with FPLCpure DNase I (Amersham Pharmacia). The puriˆed RNAs (4 mg) were electrophoresed on a denaturing agarose gel, and transferred onto a positively charged nylon membrane (Amersham Pharmacia) according to the manufacturer's instructions. The membrane was soaked for 2 h at 429 C in prehybridization solution containing 6×SSPE (1× SSPE is 0.15 M NaCl, 10 mM NaH2PO4, and 1 mM EDTA), 5z Irish cream liqueur, 0.5z SDS and 50z formamide. Hybridization was done with the labeled HpaI-ScaI (754-bp) fragment of the A. vinelandii icd gene. The membrane was successively washed in 2× SSC containing 0.1z SDS for 30 min at room temperature and then in 0.2×SSC containing 0.1z SDS for 1 h at 429 C with a change of washing buŠer. Autoradiography was done by exposing the membrane at "809 C to X-rayˆlm (Fuji RX-U).
Primer extension analysis. A synthetic 30-mer oligonucleotides, 5?-TAGATAATCTTCGGTGTG-GACATTTTTTACG-3? (complementary to the internal region from bases 655 to 625), was 5?-end labeled with [g-32 P] ATP and T4 polynucleotide kinase and used as the primer for the A. vinelandii icd gene. The RNA (40 mg) isolated from A. vinelandii was hybridized with the labeled primer, and extended with Rous-associated virus 2 reverse transcriptase as described by Sambrook et al.
16) The reaction products were then analyzed on a 6z polyacrylamide sequencing gel. Sequencing was done with Sequenase Version 2.0 Labeled dCTP Kit (USB W Amersham Pharmacia) using the oligonucleotide primer in the same way as in the primer extension reaction.
Deletion mutants of 5?-untranslated region of the icd gene. Deletion mutants of 5?-untranslated region of the A. vinelandii icd gene were prepared from the plasmid pGV2-Esc constructed with a plasmid, pAVESc, and a promoter-less vector, PGV-CS2 (Fig. 7) . The plasmid pGV2-ESc was cut with the following combinations of the restriction endonucleases: HindIII and BsmI for pGV2-BsSc (5.55-kbp), HindIII and BamHI for pGV2-BISc (5.50-kbp), HindIII and BamHI for pGV2-BIISc (5.40-kbp), HindIII and Alw44I for pGV2-ASc (5.32-kbp), and HindIII and HpaI for pGV2-HSc (5.28-kbp). The digested fragments were size-fractionated on an agarose gel and self-ligated.
Results
Puriˆcation and some characteristics of the enzyme A. vinelandii IDH was puriˆed to an electrophoretically homogeneous state (Fig. 1) as described in Materials and Methods. Our puriˆcation procedures yielded 3.0 mg of IDH protein with the speciˆc activity of 129.6 units W mg protein. The molecular weight of the enzyme protein was estimated to be 80,000 on the basis of SDS-PAGE. Gelˆltration of the enzyme also gave the same Mr. These results conˆrm the previous result that the A. vinelandii IDH is a single polypeptide of Mr 80,000.
11) The molecular weight of the enzyme protein was very similar to those of the other monomeric IDHs, C. maris IDH-II 4) and V. parahaemolyticus IDH.
2)
The N-terminal sequence of the enzyme was analyzed up to 15 amino acid residues, STPKIIYT-LTDEAPA. This sequence has 82z and 76z identity with those of C. maris IDH-II 22) and V. parahaemolyticus IDH, 2) respectively. The optimum temperature for activity of the puriˆed IDH was found to be 409 C, indicating that it is a typical mosophilic en- zyme.
Isolation of A. vinelandii IDH gene
Genomic DNA of A. vinelandii was analyzed by Southern hybridization with the synthetic oligonucleotide probe designed from the N-terminal amino acid sequence of V. parahaemolyticus IDH. Sal I or XhoI digest of this bacterial genomic DNA was found to contain a single fragment that hybridized strongly with the probe (data not shown). To isolate icd gene encoding the A. vinelandii IDH, approximately 3×10 6 recombinants of the genomic DNA library constructed as described in Materials and Methods were screened. Numerous positive signals were obtained. Among them, the strongest positive plaque was selected for further characterization. Restriction enzyme map of the recombinant DNA (designated lAvL300) is shown in Fig. 2 
2).
Nucleotide and deduced amino acid sequences Deletion clones of the plasmids were generated and sequenced as described in Materials and Methods. Consequently, the nucleotide sequence of the 3,550-bp EcoRI(a)-SacI insert in pAVESc was analyzed in both directions. By searching for open reading frame (ORF) in the sequences, two possible ORFs (ORF 1 and ORF 2 ) were found (Fig. 2) . The ORF 1 is the sequence from 633 to 2855 at nucleotide positions counted from 5?-terminal site, and corresponded to a polypeptide composed of 741 amino acids (Fig. 3) . On the other hand, the ORF2 was found in the opposite DNA strand of the ORF1. The ORF2 contains a coding region of 2,052-bases and corresponds to a polypeptide composed of 684 amino acids (Fig. 2) . The N-terminal amino acid sequence found from the puriˆed A. vinelandii IDH protein was found in the N-terminal region of the ORF1 except N-terminal methionine residue. Conversely, no such a similarity was found in the amino acid sequence deduced from the ORF2, nor was found homologs in the nucleotide and protein databases. In addition, alignment of the amino acid sequences of the bacterial monomeric type IDHs showed that ORF1 has a high amino acid sequence identity (66.2z and 62z) to the enzymes of C. maris 22) and Corynebacterium glutamicum, 6) respectively (Fig. 4) . These results clearly indicate that the ORF1 is the icd gene encoding the A. vinelandii IDH protein. On the other hand, a signiˆcant similarity of amino acid sequence was not found between the A. vinelanii IDH and the dimeric IDHs from E. coli and C. maris (IDH-I). Upstream and downstream of the A. vinelandii icd gene, there is a putative Shine-Dalgarno sequence (GAGG) at nucleotide positions from 615 to 618 and a sequence (at nucleotide positions 2,970 to 3,001) of a terminator-like structure composed of a 15-bp stem with a 2-nucleotide loop, respectively (Fig. 3) .
Expression of the A. vinelandii IDH gene
Expression of the A. vinelandii icd gene in E. coli DEK2004, a mutant defective in icd, was examined by measuring the enzyme activity and Western blot analysis. The plasmid, pAVESc, was used for the expression analysis. As shown in Table 1 , IDH activity was detected in the crude extract prepared from the : AAB25796 2) ); R. van: N-terminal amino acid sequence of Rhodomicrobium vannielii IDH (GenPept: S19540 30) ); A. vine-P: partial amino acid sequence around the putative active site of A. vinelandii IDH (GenPept: A10759 13) ). * E. coli DEK2004 harboring either pBSKS or pAVESc was inoculated on a MOPS-based synthetic agarose medium with 0.5z glucose, 1 mM thiamine, 50 mg W ml of ampicillin, and 15 mg W ml of tetracycline in the presence(+) or absence(") of 0.5 mM glutamate, and then incubated at 379 C. Ability of each transformant to form colonies (+ or ") was determined 3 days after the inoculation.
** E. coli transformant was cultured in LB medium. Assay conditions for enzymatic activity were described in Materials and Methods. (N.D., not detectable) Primer extension analysis; lane P shows the complementary DNA products (TS-1 and TS-2), and lanes A, T, G, and C show the sequencing ladders. The nucleotide sequence shows the upstream region from 351 to 647 of the A. vinelandii icd gene (Fig. 3) . Black-shaded cytosine residues (+1 and +144) correspond to the 3?-ends of primer extension products (TS-1 and TS-2), respectively. The boxed sequences ("35 and "10) indicate a putative promoter sequence for E. coli s 70 . The possible Shine-Dalgarno (SD) sequence is double underlined. The bold underlined sequence indicates the possible recognition site of RNase E. The opposite arrows represent a putative stem-loop like structure. The gray-shaded sequence (ATG: +245 to +247) is the translational initiation codon of the A. vinelandii icd gene.
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E. coli transformants containing pAVESc, though the level of the enzyme activity was about 3 times lower than that of crude extract of the A. vinelandii cells. Furthermore, glutamate auxotrophy of E. coli DEK2004 was restored to that of the wild type by transformation with pAVESc (Table 1) . Western blot analysis revealed that crude extract of the transformant grown on LB medium contained the protein immunologically cross-reacted with the antibody raised against IDH-II of C. maris (Fig. 5, lane 4) . These A HindIII-XbaI fragment containing the A. vinelandii icd gene was obtained from the plasmid pAVESc. The fragment was then ligated with a HindIII-XbaI fragment derived from the promoter-less vector, PGV-CS2. The ligated product, pGV-ESc, was digested with restriction endonucleases ( Bgl II and NdeI) to remove the SP6 promoter region of the vector. The Bgl II-NdeI fragment was self-ligated to yield plasmid pGV2-ESc. Restriction endonuclease sites upstream of the icd ORF were used for the construction of serial deletion mutants.
results indicate that the pAVESc contains the icd gene encoding the A. vinelandii IDH.
Analysis of 5?-terminal region of the A. vinelandii icd mRNA
To analyze the gene expression at transcriptional level, Northern blots with total RNAs isolated from A. vinelandii were hybridized with a 0.75-kb HpaIScaI fragment (at nucleotide positions from 623 to 1,375 in Fig. 3) . A single band was found to hybridize with the probe (insert in Fig. 6 ). The estimated size of the band (about 2.5 kb) was in good agreement to the icd gene plus its ‰anking region. The 5?-terminal of A. vinelandii icd mRNA was examined by primer extension analyses (Fig. 6) . The results showed that there were two species of the icd mRNAs with diŠer-ent lengths of 5?-untranslated regions (TS-1 and TS-2), of which the 5?-terminals (TS-1 site, +1; and TS2 site, +144) were cytosines located at 244-and 101-bp upstream of translational initiation codon. The conserved promoter elements, 23) ATGCAA and TATACT, were present in "35 and "10 upstream regions of the TS-1 site, respectively. However, no such a conserved motif was found in the upstream region of the TS-2 site. The level of TS-2, however, was larger than that of TS-1 (Fig. 6) . Analyses of the sequence between the TS-1 and TS-2 sites revealed the presence of two unique sequences in the vicinity of the TS-2 site. One is the sequence of 5?-GACTT-3? overlapping the TS-2 site (C at +144) from +142 to +146, which is similar to the cleavage site (G W A)AUU(A W U) for RNase E, 24) and the other is the sequence to form a stem-loop like structure between +165 and +180 (Fig. 6) . Presence of such a stemloop-like structure downstream of the cleavage site has been reported to be required for the cleavage by RNase E. 25) Thus, it is possible that TS-2 may be attributable to a post-transcriptional cleavage of TS-1.
Analyses of the promoter region
In order to make sure of the above possibility and further characterize the promoter region of the A. vinelandii icd gene, a series of the 5?-deletion mutants were constructed. To avoid the eŠects of the lacZ promoter located upstream from the insert, pGV2-ESc was constructed with a promoter-less vector (PGV-CS2) instead of pBluescript KS(+) and used as a control plasmid (Fig. 7) . The deletion mutants of the 5?-terminal of the upstream noncoding region of the EcoRI-SacI insert in pGV2-ESc are schematically shown in Fig. 8 . EŠects of the deletions on the gene expression were examined by measuring the levels of mRNA and the IDH activity. The enzyme activity in the crude extract of the transformant harboring the control plasmid (pGV2-ESc) was greatly aŠected by altering the exogenous nutrients for bacterial growth (Fig. 8) . The IDH activity of the cells grown on the nutrient-rich medium (LB) was considerably lower than those grown in the nutrientpoor media (M9 and M9 plus glutamate). However, the level of icd mRNA measured by Northern blot analyses was not aŠected by the exogenous nutrients ( Fig. 8-B, Northern Blot) . Surprisingly, primer extension analyses showed that the change of nutrient conditions for growth greatly aŠected the levels of TS-1 and TS-2 ( Fig. 8-B, Primer extension) . A large amount of TS-1 was detected in the cells grown on the nutrient-rich medium, but the levels of TS-1 in (iii) Each total RNA sample (1 mg) was put onto a denaturing agarose gel and electrophoresed as described in Materials and Methods. Then, the gel was stained with ethidium bromide to make the RNA molecules visible.
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the cells grown on the nutrient-poor media were very low, similarly to the A. vinelandii cells. The deletion of the 5?-terminal region up to 29-bp upstream of the TS-1 site (pGV2-BsSc) did not change the tendency of higher IDH activity in the cells grown on the nutrient-poor media, but the levels of IDH activity were greatly reduced ( Fig. 8-A) . Furthermore, in this transformant, no TS-1 was detected under any condition, and the levels of TS-2 were also greatly reduced. Further deletion resulted in the loss of the IDH activity. However, a very low level of the signal corresponding to TS-2 was detectable even though the upstream noncoding region was deleted up to 31-bp upstream of the TS-2 site (pGV2-BIISc) (Fig. 8-B , Primer extension). These results suggest that the IDH activity in the transformant harboring with the control plasmid seemed to depend on the level of TS-2, and the putative promoter upstream of the TS-1 site might play a primary role for the production of both mRNAs.
Discussion
In this study we puriˆed the monomeric type IDH from A. vinelandii and analyzed the N-terminal amino acid sequence (Fig. 1) . Furthermore, we have cloned the gene, icd, encoding this enzyme. Two possible ORFs (ORF1 and ORF2) were found in the cloned gene (Fig. 2) . However, by comparing the deduced amino acid sequence (Fig. 3 ) and the N-terminal amino acid sequence of the puriˆed enzyme, the ORF1 was found to encode the IDH protein. This result was also conˆrmed from the expression of the icd gene in the E. coli mutant (Table 1) . ORF2 existent in the opposite strand of the ORF1 may be untranscribed because no transcript from ORF2 was detected by Northern blot analyses with a probe speciˆc for ORF2 (data not shown). Alignment of amino acid sequences of the bacterial monomeric type IDHs shows that similarity is highly conserved over the entire region of the genes (Fig. 4) , but no signiˆcant similarity was found between the amino acid sequences of the A. vinelanii IDH and the dimeric IDHs of E. coli and C. maris (IDH-I). Edwards et al. 13) reported that the A. vinelandii IDH was inactivated by the modiˆcation of a single methionyl residue with iodoacetic acid, and they analyzed the amino acid sequence of a peptide fragment containing this residue. Among 29 residues of the sequence of this peptide, 24 residues were identical in the deduced amino acid sequence from residues 228 to 259 of the enzyme, and the modiˆed methionyl residue was matched to methionine at position 258 (Fig. 4) . These data will be helpful to analyze the crystallographic data of the enzyme. Crystallographic analyses of the enzyme are in progress in our laboratory.
Primer extension analyses of the total RNA isolated from A. vinelandii suggested that two diŠerent mRNAs (Fig. 6 , TS-1 and TS-2) could be produced from the icd gene. Two similar mRNAs were also produced when the icd gene inserted into the promoter-less vector PGV-CS2 was expressed in E. coli ( Fig. 8-B) . Primer extension analyses with the deletion mutants of the upstream region of icd gene (Fig. 8) showed that lack of the sequence of "35 and "10 elements upstream of the TS-1 site resulted in great loss of the expression. On the other hand, a very weak signal corresponding to TS-2 was still detectable in the deletion mutants up to 31-bp upstream of the TS-2 site (pGV2-BsSc, pGV2-BISc and pGV2-BIISc). In addition, further deletions over the TS-2 site (pGV2-ASc and pGV2-HSc) resulted in complete loss of TS-2. Thus, a possibility that unusual promoter elements with very low activities exist in the upstream region of TS-2 site could not be completely excluded. However, taken together these results and the presence of the sequence similar to the cleavage site by RNase E overlapping the TS-2 site (Fig. 6) , the putative promoter upstream of the TS-1 site may play an important role for the icd gene expression and TS-2 may be derived chie‰y from a post-transcriptional cleavage of TS-1.
The levels of TS-1 and TS-2 were largely changed by exogenous nutrients for growth of the E. coli transformants. In addition, the levels of the IDH activities in the crude extracts of the transformants were likely to depend on the level of TS-2. These results suggest that translation e‹ciency of TS-2 may be much higher than that of TS-1. As reported with polycistronic unc 26) and pap 27) genes, the translational e‹ciency of the A. vinelandii icd mRNA might be increased by the cleavage at the TS-2 site with RNase E. Although a mechanism to process TS-1 is unknown at present, RNase E activity is varied by phosphorylated state of 5?-terminal of substrate and the autoregulation of its own synthesis. 28) Pronounced change in the levels of TS-1 and TS-2 ( Fig. 8-B, lanes  2, 3, and 4 ) suggest that processing of the A. vinelandii icd mRNA is regulated by nutrient conditions for the bacterial growth. This post-transcriptional control may be one of the mechanisms contributing to the dominant synthesis of IDH in A. vinelandii.
